In this work, the treatment of synthetic wastewaters containing methylene blue (MB) and rhodamine B (RB) and actual textile wastewaters (ATW) using boron doped diamond (BDD) anodic oxidation was investigated. Voltammetric study has shown that both MB and RB can be oxidized directly at the anode surface in the potential region where the electrolyte salt is stable. Galvanostatic electrolyses of synthetic and actual industrial wastewaters have led to total abatement of COD and TOC at different operating conditions (electrolyte salt and initial pollutant concentration and current density) and the efficiency of the electrochemical process was governed only by mass-transfer limitations. The nature of the supporting electrolyte has a great influence on the rate and the efficiency of the electrochemical oxidation of dyes. The treatment in the presence of NaCl appears to be more efficient in the COD removal, while in the presence of Na 2 SO 4 improves the TOC removal. From the experimental results it seems that the primary mechanisms in the oxidation of dyes are the mediated electro-oxidation by hydroxyl radicals and other oxidants electro-generated from supporting electrolyte oxidation.
Introduction
The treatment with advanced oxidation processes (AOP) appears as one of the most promising methods for the treatment of wastewater containing hazardous organic pollutants produced in many industrial processes. The facts have been associated with the generation of radical species mainly hydroxyl radicals (OH • ). Hydroxyl radical is a strong oxidizing agent able to react with organics and causing their conversion to CO 2 , H 2 O and inorganic ions or at least to other organics that can be treated by biological degradation.
Residual colors and dyes in wastewaters are difficult to be entirely removed by biological and/ or chemical treatment processes. [1] [2] [3] [4] [5] Because of this difficulty of removing dye residues from wastewaters by traditional treatment methods, advanced oxidation processes (AOPs) have became the most capable procedures to treat textile wastewaters in terms of effective decolourization and mineralization of the refractory pollutants. [6] [7] [8] [9] [10] [11] [12] [13] Recently BDD-anodic oxidation was considered as an advanced oxidation process. This is related to the production of large amounts of hydroxyl radicals from water electrolysis. 14, 15 Moreover, diamond surface does not interact with hydroxyl radicals and consequently these radicals can only couple to form oxygen or oxidize the organics. In addition to the electro-generation of hydroxyl radicals, this emergent material has important characteristics including high resistance to corrosion, good electrical conductivity, great chemical and electrochemical stability, which enhance the lifetime of the electrode. 16 Compared to other overvoltage anodes the electrochemical oxidation with BDD anode appears clearly more efficient in the mineralization of organic compounds. [17] [18] [19] [20] Numerous studies were performed using BDD-anodic oxidation for the treatment of both real and synthetic industrial wastewaters in lab and bench-scale plants. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] From the results of these studies, it could be concluded that BDD-anodic oxidation achieves the almost total removal of chemical oxygen demand contained in the wastes with very good current efficiencies. Conversely, it is noticed that the waste characteristics and operating conditions play an important role in the electrochemical oxidation of organic wastewaters and have a marked influence on the rate and efficiency of the electrochemical process because the organic compounds contained in the wastewater may have different degrees of oxidability. It is also reported that both direct oxidation at the BDD surface and mediated oxidation by hydroxyl radicals and other oxidants electro-generated on the surface from the electrolyte salts are involved in the mechanism of the electrochemical process. Unfortunately, only few studies have engaged on the BDD-anodic oxidation of dyes and actual industrial waste from textile and they have mainly focused in the treatment of small molecules and colorless wastes. 7, 10, 25, 30, 33 The goal of the work described here is (i) to study the treatment of synthetic wastewaters containing methylene blue (MB), rhodamine B (RB) and actual industrial wastewaters from textile (AWT) with BDD-anodic oxidation regarding the effect of various experimental parameters and operating conditions; (ii) to give more comprehensive understanding of the oxidative mechanisms in the electrochemical oxidation of organics with conductive diamond electrodes. The main characteristics of the dyes and the actual industrial waste are shown in Figure 1 and Table 1 , respectively. The removal of the organics from the effluent was followed by chemical oxygen demand (COD), total organic carbon (TOC), and UV-visible spectrophotometry.
experimental section chemicals
MB and RB were of analytical grade and purchased from Fluka. The other chemicals such as Na 2 
Analytical procedure
The carbon concentration was monitored using a Shimadzu TOC-5050 analyzer. Chemical Oxygen Demand (COD) was determined using a HACH DR200 analyzer. UV-visible spectra were obtained using a Shimadzu 1603 spectrophotometer and quartz cells.
Voltammetry experiments
Electrochemical measurements were obtained using a conventional three-electrode cell in conjunction with a computer-controlled potentiostat/galvanostat (Autolab Model PGSTAT 30, Eco Chemie B.V., Utrecht, Netherlands). Diamond was used as the working electrode, Hg/Hg 2 Cl 2 . KCl (sat) as a reference and platinum as a counter electrode. The BDD electrode was circular (25 mm diameter) with a geometric area of 1 cm 2 . Voltammetry experiments were performed in unstirred solutions (100 ml). Anode was anodically polarized during 5 minutes with a 1 M H 3 PO 4 solution at 0.1 A prior to each experiment.
BDD-anodic oxidation
The galvanostatic electrolyses were carried out in a singlecompartment electrochemical flow cell. Diamond-based material (Adamant Technologies, Switzerland) was used as anode and stainless steel (AISI 304) as the cathode. Both electrodes were circular (100 mm diameter) with a geometric area of 78 cm 2 each and an electrode gap of 9 mm. The electrolyte was stored in a glass tank (500 ml) and circulated through the electrolytic cell by means of a centrifugal pump. The electrolyte flow rate through the cell was 2500 cm 3 ⋅ min -1
. The mass transport coefficient of the electrolytic system was calculated using the system ferro/ferri cyanide and it was equal to 2.10
. A heat exchanger was used to maintain the temperature at the desired set point. The experimental setup also contained a cyclone for gasliquid separation, and a gas absorber to collect the carbon dioxide contained in the gases evolved from the reactor into sodium hydroxide. During the experiments the pH was monitored but not controlled.
Determination of instantaneous current efficiency (ICE)
The chemical oxygen method was used for the determination of the current efficiency during the BDD anodic oxidation of organics. In this method, the COD was measured during electrolysis and the instantaneous current efficiency (ICE) was calculated using the relation. 37 -3 ) and the chemical oxygen demand at times t and t + ∆t (in seconds), respectively, I is the current intensity (A), F is the Faraday constant (96487 C mol -1 ), t is the time (in seconds), V is the volume of the electrolyte (dm 3 ) and 8 is a dimensional factor for unit consistence 32 
Results and Discussion
cyclic voltammetry Figure 2 shows cyclic voltammograms of aqueous solutions containing 1 mM MB and 1 mM RB in 0.1 M of Na 2 SO 4 at BDD anodes with a scan rate of 100 mV s -1 and under natural pH. A cyclic voltammogram without organic matter is also plotted in the same graphs for the sake of comparison. As it can be observed, the presence of MB leads to the appearance of three anodic peaks around 1.35 and 1.7 V and 1.95 V (vs. SCE) but when RB is added to the aqueous solution only two peaks are observed; the first peak is clearly marked at 1.0 V (vs. SCE) but the second peak is overlapped with the sulphate oxidation. In the two cases the oxygen evolution reaction seems to be shifted towards lower oxidation potentials. The anodic oxidation on BDD anodes of the two dyes is carried out in the same potential region as those of several aromatic compounds. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] In every case, as the number of cycles increases the voltammograms decrease in size. This deactivation of the anode surface can probably be due to the adsorption of organic molecule (or some of its oxidation products) and/or the deposition of a polymer film on the electrode surface. 23, 32 However, the anode can restore its initial activity by an anodic polarization at 300 mA ⋅ cm -2 current density during 3 min before scanning other voltammograms. To explain this, it has to be taken in mind that at high anodic current densities, the oxidation of water leads to the formation of significant amounts of hydroxyl radicals. These radicals react rapidly with the organics at the surface of the anode leading to their total mineralization and activating the surface once again.
Thus, it looks clear that both MB and RB can be oxidized directly on the surface of the BDD in the potential region of electrolyte stability. The oxidation products of the direct oxidation of the two dyes lead to a deactivation of the anodic surface (probably fouling) being this problem solved working in the potential region of water oxidation. Figure 3 shows the changes with the specific electrical charge passed of the COD and TOC during the galvanostatic electrolyses of synthetic wastes polluted with MB and RB (T = 25 °C; neutral pH; j = 30 mAcm ; supporting medium, NaCl or Na 2 SO 4 5000 ppm). As it can be observed, the electrochemical process can successfully eliminate almost all the COD and TOC contained in the synthetic wastes independently of supporting media but residual refractory carbon is detected only in the presence of NaCl. The oxidation rates and the efficiencies seem to depend on the supporting electrolyte nature. TOC removal in Na 2 SO 4 media is more effective than that in NaCl media. On the contrary, the COD removal using NaCl as electrolyte support is more rapid than using Na 2 SO 4 . Moreover, the changes in the COD are more faster than those in the TOC (especially during the treatment in presence NaCl), as it can be estimated [30] [31] [32] [33] taking into account the complex structure of MB and RB (the existence of many functional groups and the large molecular weights of the two molecules) which should favor the formation of a diversity of intermediates (changes in the COD) without carbon dioxide formation (changes in the TOC). In addition, the evolution of UV-visible spectra of MB and RB during galvanostatic electrolyses (T = 25 °C; neutral pH; j = 30 mAcm -2 ; supporting medium, NaCl or Na 2 SO 4 5000 ppm) given in Figure 4 , shows that the changes in UV-visible spectra of synthetic solutions containing dyes depend also on the supporting media. As it can be seen, the decolourization (disappearance of bands situated in visible region) is immediately obtained (after 5 min of electrolyses beginning) in the presence of NaCl whereas the solutions are totally decolorized after 2 hours of electrolyses when Na 2 SO 4 is used as supporting electrolyte. However, the time required for almost disappearance of the UV bands in presence of NaCl is higher than that in presence of Na 2 SO 4 . This suggests that the oxidation of dyes should be carried out by both direct electro-oxidation and mediated oxidation by hydroxyl radicals and other strong oxidants electro-generated from the oxidation of the supporting electrolyte. It seems also that the mediated oxidation by the electro-generated reagents from the anodic oxidation of salt plays important role in the efficiency of the electrochemical process. To explain these results, it has to be taken into account that BDDanodic oxidation of aqueous solutions containing chloride and sulphate anions promotes the formation of hypochlorites and persulphates respectively, and that these chemical species are very powerful oxidant with high standard reduction potentials. 7, 39, 40 This can be explained assuming that the oxidation with hypochlorites lead to a very effective oxidation of the dyes but not of the intermediates formed (probable accumulation of organo-chlorinated compounds) while the oxidation with peroxodisulphate seems to be more severe in the final stages and it promotes the formation of carbon dioxide. Figure 5 shows the changes in pH and cell potential with the specific charge passed of the COD during the galvanostatic electrolyses of synthetic wastes polluted with MB and RB containing 100 mg ⋅ dm -3 of COD (T = 25 °C; neutral pH; j = 30 mAcm -2 ; supporting medium, Na 2 SO 4 5000 ppm). As it can be observed, the cell potential is maintained almost constant during the electrolyses, indicating that appreciable deterioration of the electrode or passivation phenomena (formation of non-conductive layers) did not take place. It can be also seen that the pH of the waste obviously increases at the beginning of the oxidation process of the two molecules. These changes can be explained by the generation of hydroxyl anions on the cathode (from water reduction) which is only partially compensated by the generation of protons from water oxidation on the anode because of its competition with the anodic oxidation of organics (and/or inorganic compounds) and by the formation of amines from the anodic oxidation of dyes (diethylamine in the case of RB and dimethylamine in the case of MB). Figures 6 and 7 show the influence of the applied current density and dye initial concentration on the evolution with the specific charge passed of the COD during the galvanostatic electrolyses of synthetic wastes polluted with MB and RB containing 100 mg ⋅ dm -3 of COD (T = 25 °C; neutral pH; supporting medium, NaCl 5000 ppm). As it can be observed the complete removal of COD is obtained, independently of the applied current density and dye initial concentration. As it can be seen, in the BBD-anodic oxidation of the two dyes studied in this work an increase in the current density does not lead to an increase in the efficiency of the oxidation process in terms of COD removal, and similar electrical charges are required to remove the same amount of organic matter (COD removal profiles obtained at different current densities are overlapped). In the range of concentration studied in this work, the COD changes with specific electrical charge passed are in agreement with an exponential law. This behavior is characteristic of mass-transfercontrolled processes in which an increase in the current density can not raise the rate of oxidation of the organics at the electrode and favors anodic side reactions (formation of O 2 , O 3 etc.). 38 Moreover, these results suggest that the oxidation of dyes and by products with hypochlorites is not very efficient and hence that the direct oxidation (or the oxidation by hydroxyl radicals) controls the overall oxidation rate.
Galvanostic electrolyses of synthetic Wastewaters

electrochemical Treatment of Actual Industrial Wastewaters
The actual wastewaters used in this work are received from textile industry (Gabes, south of Tunisia). The values of actual textile wastewaters (ATW) conductivities are high enough to directly apply an electrochemical treatment. The results of galvanostatic electrolyses (T = 25 °C; neutral pH; j = 30 mAcm -2 ) of three types of actual textile wastewaters are shown in Figures 8 and 9 . It can be observed that both TOC and COD decrease with specific electrical charge passed down almost to zero independently of the AWT characteristics. The variation of the COD has a typical exponential shape in the range of the COD concentration studied. This behavior was previously explained in the literature in terms of the controlling mechanisms of the electrochemical process. 38 The exponential zone corresponds to COD concentrations in which the electrochemical process is mass-transfer controlled. High efficiencies (ICE close to 1) are obtained in the first stages of electrolyses (COD removal 50%) and after removing 50% of COD, linear and continuous decrease of ICE with the percentage of COD removal is observed. This decrease is characteristic of electrochemical wastewater treatment processes, and can be justified in terms of a mass transport control of the overall rate of the process.
Changes in the TOC indicate that carbon dioxide is formed from the very early oxidation stages. However, as it can be seen in Figure 9a , the COD/TOC ratio decreases significantly during the first stages (up to 20% of COD removal) and then, it remains constant in a value close to 2 and decreases rapidly at the end of the electrolyses. This means that the oxidation of the organics can be assumed to occur in two main sequential stages: the first is the rapid oxidation of organics to slowly-oxidizable intermediates (average COD/TOC ratio around 2) and the second is the less efficient oxidation of these intermediates to carbon dioxide. In this point it is important to note that the current efficiency (Fig. 8-a inset) decreases rapidly during the treatment being almost negligible in this second stage. Figure 9 -b shows that the pH of the waste first decreases slightly and later increases finally to reach a constant value close. These changes can be justified in terms of the anodic and cathodic processes that develop in the cell. [31] [32] [33] [34] [35] [36] On the cathode the main reaction is the water reduction which generates hydroxyl ions and moves the pH towards alkaline pH. On the anode several reactions coexist. The main reaction is the oxidation of organic matter. The first stages in this oxidation are the formation of carboxylic acids. These carboxylic acids, together with the protons formed during the oxidation of water, compensate the cathodic hydroxyl ion generation rate. The second step in the oxidation of organic matter is the transformation of carboxylic acids into carbon dioxide. This second process yields a lower global proton generation rate and consequently the pH increases. The cell potential increases slightly during the electrolysis. This fact could be explained in terms of the formation of a layer of carbonates on the surface of the cathode due to the hydroxyl ions generated from water reduction. Figure 10 shows the energy consumption required to remove the COD as a function of the COD removal percentage. As it can be seen, during the electrolyses of ATW, the energy requirements increase linearly up to 80% of COD removal and then they start to change exponentially. Furthermore, the values obtained are higher than those obtained during the electrolyses for slighter pollutants proposed in the literature (range of 35-50 kW ⋅ h ⋅ kg -1 COD removed) because of the high cell voltage. The use of high concentrations of COD does not affect significantly the energy consumption indicating the important role of mediated oxidation in the electrochemical process.
conclusion
The main conclusions of this work can be summarized in the following points:
1. BDD-anodic oxidation can be used successfully to remove all the almost COD and TOC of both synthetic wastewaters polluted with MB and RB and actual textile wastewaters. The oxidation of the organics can be assumed to occur in two main sequential stages: the first is the rapid oxidation of organics to slowly-oxidizable intermediates (average COD/TOC ratio around 2) and the second is the less efficient oxidation of these intermediates to carbon dioxide. 2. The nature of the supporting electrolyte has a great influence on the rate and the efficiency of the electrochemical oxidation of MB and RB. The treatment in the presence of NaCl appears to be more efficient in the COD removal, while in the presence of Na 2 SO 4 improves the TOC removal. Accordingly, the mediated oxidation by the electrogenerated reagents from the anodic oxidation of supporting electrolyte plays important role in the efficiency of the electrochemical process. 3. High efficiencies (ICE close to 1) are obtained in the first stages of electrolyses, and then linear and continuous decrease of ICE with the percentage of COD removal is observed. This decrease is characteristic of electrochemical wastewater treatment processes, and can be justified in terms of a mass transport control of the overall rate of the process. 4. The specific electrical charges required to complete the treatment are not proportional to the initial organic load of the waste. This can be explained in terms of the oxidation mechanisms that happen inside the electrochemical cell. In this context, from the experimental results it seems that the primary mechanisms in the oxidation of dyes are the mediated electro-oxidation by hydroxyl radicals and other oxidants electro-generated from supporting electrolyte oxidation.
